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Abstract. In this article, we analyse the convergence behaviour and scalability properties of the one-level Parallel
Schwarz method (PSM) for domain decomposition problems in which the boundaries of many subdomains lie in the
interior of the global domain. Such problems arise, for instance, in solvation models in computational chemistry.
Existing results on the scalability of the one-level PSM are limited to situations where each subdomain has access
to the external boundary, and at most only two subdomains have a common overlap. We develop a systematic
framework that allows us to bound the norm of the Schwarz iteration operator for domain decomposition problems
in which subdomains may be completely embedded in the interior of the global domain and an arbitrary number of
subdomains may have a common overlap.
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1. Introduction

Recent results in computational chemistry have raised intriguing questions about the scalability of
classical one-level domain decomposition methods. In [2] the authors combined the COSMO solvation
model (see, for instance [1, 15, 27]) with the classical one-level parallel Schwarz method (PSM) [17] in
a sub-structured integral form. This allowed the authors to define a very efficient numerical framework
capable of solving solvation problems and obtaining a fast and accurate computation of the electrostatic
contribution to the solvation energy. This new framework, called ddCOSMO, exploits the physical
setting of the COSMO model to define a domain decomposition. The computational domain consists
of the union of van der Waals cavities associated with the atoms in the molecule, and therefore these
spherical cavities can be chosen as the subdomains. The ddCOSMO implementation received a good
deal of attention in the computational chemistry community (see, e.g., [20, 21]), and a major reason
for its success was due to the scalability property exhibited by the classical Schwarz method.

An algorithm is said to be weakly scalable if it can solve a larger and larger problem with more
and more processors in a fixed amount of time. According to classical Schwarz theory, the PSM is not
scalable in general; see, e.g., [26, 3]. However, in contrast to this theory, the authors in [2] provide
numerical evidence indicating that in some cases the one-level PSM converges to a given tolerance in
a fixed number of iterations of a linear solver independently of the number N of subdomains. This
behaviour is observed if fixed-sized subdomains form a “chain-like” domain and their number increases.
This numerical result was subsequently rigorously proved in [4, 5, 6] for the PSM and in [3] for other
one-level methods; see also [16, 12, 7] for similar scalability results.
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On the other hand, it was observed by the authors that the weak scalability of the PSM is lost
if the fixed-sized subdomains form a “globular-type” domain €2 such that the boundaries of many
subdomains lie in the interior of 2. The following question therefore arises: is it possible to quantify
the lack of scalability of the PSM? To do so, for increasing N one would need to estimate the number
of iterations necessary to achieve a given tolerance. A typical example is to consider, for instance, the
PSM for the solution of a one-dimensional Laplace problem. In [3] a heuristic argument is used to
explain why for an unfortunate initialization, a contraction in the infinity norm is observed only after
a number of iterations proportional to the number of subdomains N. A first rigorous proof of this
non-scalability result was given in [8]. Interestingly, the analysis turns out to be quite complicated
even in a simple one-dimensional setting.

Naturally, the problem becomes extremely challenging if one considers a three-dimensional geometry
involving subdomains consisting of spherical van der Waals cavities where the simultaneous intersec-
tion of more than two subdomains is possible. To the best of our knowledge, a rigorous extension of
the results given in [8] to higher dimensional problems is missing in the literature. The novelty of our
work is to fill this gap and develop a general framework that allows one to study the convergence
and scalability of the PSM for “globular-type” domains. Our framework is based on an analysis of
the infinite-dimensional Schwarz iteration operator, and as such can be viewed as a generalization
of the analysis technique used in [3, 4] where finite-dimensional Schwarz iteration matrices are stud-
ied instead. Furthermore, whereas the scalability analysis in [4, 5, 6] focuses on chains of fixed sized
subdomains where only simple intersections are allowed, i.e., the intersection of any three distinct sub-
domains is assumed to be empty, our analysis is capable of covering the case of M-tuple intersections,
i.e., we allow an arbitrary number of subdomains to have a non-empty intersection.

It is important to remark that similar and very elegant results can be found in [13] and [22].
In [13], the authors prove that the Schwarz waveform-relaxation method applied to the heat equation
contracts at most every m + 2 iterations, m being an integer representing the maximum distance of
the subdomains from the boundary. However, the overlapping subdomains considered in this work are
constructed by “artificially” enlarging the given non-overlapping subdomains. This construction allows
the authors to avoid the case that P. L. Lions refers to as “weakly overlapping” in [18] and present a
convergence analysis that is based on the construction of a sequence of elliptic upper bounds, and relies
on the structure of the artificially constructed overlapping domain decomposition. On the other hand,
the domain decomposition considered in our paper is defined by the physics of the underlying problem
and it is clearly weakly overlapping. Consequently, the proof given in [13] fails for the geometric
settings considered in our work. We wish also to remark that our convergence analysis is based on
a direct study of the PSM iteration operator which allows us to identify the “worst initialization”
and carefully track the propagation of the contraction across different subdomains comprising 2 in
the course of the iterations. This is in contrast to a study of the Schwarz sequence as done in [13].
Furthermore, in order to undertake our analysis we introduce the notion of the so-called skeleton of a
subdomain which allows us to carefully trace the effects of the Schwarz operator on functions defined
inside the subdomains rather than on the boundaries, as done in [13].

Another interesting convergence analysis of classical Schwarz methods for several intersecting sub-
domains is presented in [22]. This work deals with stationary advection-reaction-diffusion problems
and allows one to obtain powerful scalability results. In fact, the author’s analysis which is based
on the maximum principle and so-called barrier functions even yields estimates of the contraction
factor. Unfortunately, this beautiful analysis fails in the case of the Laplace equation due to the lack
of advection or reaction terms, and is also not valid for domain decomposition problems in which the
boundaries of many subdomains lie in the interior of the global domain. In both these cases the bounds
obtained via the barrier functions become ineffective and invalidate the analysis.

The remainder of this paper is organized as follows: The main ideas and results of this work are
stated in Section 2. We first introduce the notation and all the mathematical objects needed for
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Figure 2.1. An example of a collection of disksf igiN=1 R? on a triangular lattice
composed of dots and dashed lines.

a detailed description of the domain geometry in Subsection 2.1. Next, the PSM is formulated in
Subsection 2.2, and the convergence analysis is presented in Subsection 2.3. Our main results are
stated in Subsection 2.3.2, and subsequently discussed with some examples in Subsection 2.3.3. We
remark that in Section 2 we restrict ourselves to a two-dimensional framework where only triple
intersections are allowed. This choice is made in order to ease the notation, which is otherwise very
technical and complicated, and to put more focus on the techniques used to prove our results. We show
in Section 3 how to extend our analysis to the case of arbitrary types and numbers of intersections
and discuss the extension to three dimensions. Section 4 contains numerical experiments that support
our main results. In Section 5, we consider concrete biological molecules that have been studied in
solvation models in computational chemistry (see, e.g., [19]) and understand the consequences of our
analysis as it pertains to these complex bio-molecules. Finally, we present our conclusions in Section 6.

2. The Schwarz method in two dimensions

2.1. Geometric setting

We consider the Laplace equation in two dimensions. Let ~ R? be an open, connected and bounded
set, letg2 C%(@) be a given function. We must nd u2 L! () with the property that

u=0 in o1

u=g on @ : (2.1)
Throughout this article, we assume that the domain has the following structure: Let ;i =1;:::;N
be a collection ofN intersecting disks of radiir; > 0; i =1;:::;N. Then = iN:1 i. An example of

such a geometry is shown in Figure 2.1. In order to avoid discussing an empty theory, we assume that
N > 1 and there exist at least two indicesi;j 2f1,:::;Ngsuchthat j\ ;6 ;.

Al) If two subdomains ; and j have non-empty intersection, then there exist subsets of the
boundaries ;| @\ jand ; @;\ ; both of positive measure such that

i\ «k=,;8k=1;:::;N with k 6 i;];
i\ k=,8k=1;:::;N with K6 i;j:

In other words, we assume that if two subdomains ; and ; intersect, then they must have
at least a simple intersection.
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A2) For any choice of distinct indices iq;ip;iz;ia 2 f1,:::;Ng it holds that ;, \ i, \ ;)\

i, = ;, i.e.,, at most only three distinct subdomains in the collectionf ;g\, have non-
empty intersection. In other words, we assume that our geometry consists of at most triple
intersections.

Constraint Al) is imposed purely for notational convenience, and it is readily seen that the subse-
guent analysis does not require such an assumption. Constraint A2) is much stronger but needs to be
imposed-at least initially- in order to keep the focus on the analysis rather than the notational com-
plexities that would otherwise be introduced. In Section 3, we discuss how to weaken this constraint,
and show that all of our results can be extended to the case of arbitrary types of intersections.

We now develop the necessary notation.

2.1.1. Partition of the boundary

MEei\e; ME=ejn
These sets represent a decomposition of the boundai@ ; into an external part jex‘ that is common

with the boundary @ of the global domain and an internal part }”t that is contained in the global

domain . Notice that the sets & and ™ are both closed. An example of a domain = [jN:l i
and the decomposition of the subdomain boundarieg® j is shown in Figure 2.2.

-

piCk 1 EX

Figure 2.2. An example of three intersecting subdomains ;, 2 and 3 (left), ex-

ternal and internal boundaries of 1, and boundaries of , and 3 intersecting 1

(right).

Next, a further decomposition of }”t is considered. To this end, we rst de ne the setN; as
Nj=fi2N;i6j: i\ ;6;0:
Thus, N; is the set of indices of all subdomaing igiN=1;iej that intersect the subdomain . Informally,
we refer to N; as the index set of neighbours of j. Furthermore, given the setN; we de ne for each
k2 Nj the setNjx  Np as
Njk ZZ(NJ' \ Nk) [f Og

Next, for eachj 2f 1;:::;Ng, eachk 2 N; and eachi 2 Njx we de ne the set }‘;i }”t as
(
Ki intfx2@j:x2 k\ g ifi 60;
' int x2@j:(x2 k)™ x2 -8 2Nj suchthat 6 k if i =0:

where int(') denotes the interior of a set. Intuitively, for a xed k2 Nj and 06 i 2 Nj, the set J!‘;i

denotes the portion of @ j that intersects both subdomain k and subdomaini, while }‘;0 denotes

36



On the Scalability of the Schwarz Method

the portion of @ ; that intersects only subdomain k. We remark that the set }‘;i is open for every

it in a natural manner.

These de nitions allow us to partition the interior part of the boundary

Indeed we obtain that

int _ K
]!nt - [kZNj [iZNjk i !

We remark that by de nition, fora xed j 2f1;:::;Ngandi;k 6 0 it holds that J!‘?i = }?k.
As the last step, we wish to introduce the notion of so-calledskeletonsassociated with each sub-

as [
. i . int ._ .
Sik = ki Sk =Sxn@j;
i2Njk

interior
skeleton

pick 7

skeleton

Figure 2.3. The skeleton and interior skeleton corresponding to the subdomain 7
are shown. Notice that the di erence between the skeleton and the interior skeleton of
7 given by the points of S; that intersect @ 7: S;n S = S;\ @ +.

Intuitively, for a xed subdomain ; and its neighbouring subdomain , the set SJ-‘;”kt consists of
the closure of all the interior boundaries of the subdomain | that intersect ; excluding points on
the boundary @ ;. Similarly, the set S;x consists of the closure of all the interior boundaries of the

subdomain  that intersect . It is now easy to see that for a xed subdomain ; it holds that
Sk = K"
J2Ny
Finally, for a xed j 2f1;:::;Ngwe de ne the setsS; and Sj"‘t as
[ : [ o
S = Sik; S™ = SR
k2 N;j k2N;j

and we say thatS; and S/™ are the skeleton and the interior skeleton of the subdomain ;. An example
of the skeleton and interior skeleton of a subdomain ; is given in Figure 2.3.

Notation. Let u; 2 Lt S; be a function. Then we de ne the in nity norm of u;, denoted ku; k; ,
as
Kujky = esssupju;j:
Sj
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Figure 2.4. Left: An example of a domain = | jN=1 j (as a collection of disks) and
its corresponding graph (black nodes and edges). Notice the presence of two pending
subdomains and a hole. Right: Layers corresponding to the left gure. In particular,
the blue nodes represent.; (Layer 1), the red nodesL , (Layer 2), and the black node
L3 (Layer 3).

di
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Additionally, let u; 2 Lt S for eachj = 1;:::;N be a family of functions and dene u :=
(ug;up;:::;uN). Then we de ne the in nity norm of u, denoted kuk; as
kuky = mq_)_gN esssupju;jj:
..... ;
Finally, we remark that if u = (uq;up;:::;uyN) is a continuous function, i.e., eachuj, j=1;:::;N
is continuous onS; then we write u 2 J_1C°(S,) Similarly, if each uj; j = 1;:::;N is continuous

on Sjint then we write u 2 L, Co(Sjim)_

2.1.2. Graph and layers of a domain

De nition 2.1  (Graph of a domain = [jN:l j). Consider a domain = [JN 1 j- We de ne the
undirected graph G associated with the domain as the set of verticesV given by V =11;:::;Ng,
and the set of edgesE given by E := f(i;j)2V V :]j 2 Njg. Furthermore, we say that the node
i 2V is a boundary node if@ ; \ @ is a set of measure greater than zero.

The graph G associated with a domain provides an easy and intuitive visualization of the con-
nectivity of the domain. As we shall see, the convergence properties of the Schwarz method depend
on the connectivity of the domain

De nition 2.2  (Layers of a graph). Given a domain = [J-N:l j» consider the graph G associated
with this domain. Then we de ne the layers of the graph G in an inductive manner as follows:

(1) Layer 1 is the set of all boundary nodes ofG. This set is denoted byL ;.

(2) For any j > 1 we de ne the graph G iteratively as the set W; .= V | J;(zllLk together with
the associated set of edges. W; is non-empty, then Layer j is the setL; of all boundary
nodes ofG.

Moreover, Nmax denotes the total number of layers in the graph, and we say that the domain has
Nmax layers.

An example of a domain and its decomposition into layers is shown in Figure 2.4.
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De nition 2.3. Let = sz1 j be a domain with Nmax layers. Then for any natural number
N  Nmax We de ne the setsV, and G, as follows: )

Vh :

( .
vi(x) <1 8x2S/™;8) 2[ fyLk;

v2 N,c%s™): kvk; 1and _
== vj =1 onS;;8 2[ pma. Ly:
0

n

G:i= v2 szl CO(SJ-"“): kvki  landessupvj < 1; 8 2[ py Lk :

SJ

Intuitively, a non-negative function v 2 sz1 CO(SJ-) is in the set V, if vj(x) < 1 for all points x
on the interior skeleton of all subdomains j that belong to the rst n layers of the domain. Notice
that there is no constraint on the behaviour of the function v; at the endpoints of the skeletonS;.
Therefore, in some sense, the functiov has begun to experience a contractioron all subdomains in
the rst n layers, but it cannot yet be claimed that the function v has in nity norm strictly smaller
than one on the rst n layers.

On the other hand, a non-negative functionw in J-Nzl CO(SJ-"“) is in the set G, if esssups, wj < 1
on all subdomains ; that belong to the rst n layers of the domain. Therefore, the functionw has
already contracted on all subdomains in the rst n layers and thus has in nity norm less than one on
these subdomains.

2.1.3. Partition of unity, extension and restriction operators

Letj 2f1;:::;Ng, we de ne for eachk 2 N; a function J" @ ;! R, continuous on int }m , With
the property that 8 L
31 on J!“On e
(= 5201  on }‘;i n & fori2 Njx with i 60; (2.2)
"0 otherwise
and such that '
Kx)=1 forallx2int ™ : (2.3)
k2N;j

We say that f JkngNj are the partition of unity functions on }”t.

Remark 2.4. Let us consider a general domain = iN=1 j.Ifforall j =1;:::;N, no set J-e’“ has an
isolated point, then we can readily use Equation (2.2) to de ne the partition of unity functions. In the
pathological case where some set}”‘t has an isolated point (see Figure 2.5), Equation (2.2) does not
provide a correct function de nition. In this pathological situation, we can modify De nition (2.2) by
setting at least one partition of unity function to be non-zero at this isolated point. This modi cation
preserves the continuity requirement on the partition of unity functions.

Remark 2.5. Consider a subdomain j and the partition of unity functions f Jkgkz,\,j . It follows from
the de nition of these functions tha;g

Kx)=0 forallx2 £

k2N;
Consequently, there is a subset of the boundary@® ; with non-zero Lebesgue measure on which all
partition of unity functions are zero if and only if @ j \ @ is a set of measure greater than zero.

Remark 2.6. Consider the partition of unity functions de ned through Equation (2.2). Two natural
guestions arise: 1) Is the assumption of continuity that we have imposed on the partition of unity
functions truly necessary? 2) Does the choice of the partition of unity functions a ect the iterates of
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Figure 2.5. An example of a pathological geometry where the pointP is an isolated
point of §X. In this case, one must slightly modify the de nitions of the partition of
unity functions % and 3 at the point P in order to ensure that both functions are
well-de ned and continuous on int It .

the Parallel Schwarz method and the asymptotic contraction factor? It can indeed be veri ed that the
proofs of all lemmas in Section 2.3.1 still hold if we drop the continuity assumption on the partition of
unity functions. On the other hand, numerical experiments in Section 4 reveal that di erent choices
of the patrtition of unity functions can lead to quantitatively slightly di erent Schwarz iterates.

Next, we de ne our harmonic extension operators. To this end, let ; @ j be a non-empty open
set. Then we de ne the mappingF : L%( i) ! CY( j) as the operator with the property that given
any input function u; 2 L2( ), the output function w; := E(u;) 2 CO( ) is the unique solution to
the Dirichlet problem

Wi = 0 in i
Wj Uj on j;
wpj=0 on@;n j:

Finally, we de ne our restriction operators. Let CO?F’C(T-) denote the set of functions on  that
are continuous on ; and piecewise continuouson the boundary @ j. Then, we de ne the mapping
R;j: Cope( i)! CO(Sj'm)\ Lt (§)) as

Rj:u7IRj(u) = ujs;;
and we say thatRj is the restriction operator on j.

Intuitively, the map R; takes as input a continuous functionv; dened on j with piecewise
continuous values on the boundary@ j and gives as output the restriction of this function on the
skeleton Sj. Notice that we cannot claim a priori that the output function R;j(v;j) is continuous on
the entire skeleton S; since it is possible that there is a jump discontinuity at the endpoints of the
skeleton S; which lie on the boundary @ j .

In what follows, we will often consider the compositionR; E( ) where 2 L% j)and ;| @j.
We remark that this composition is well de ned if is a piecewise continuous function. A schematic
representation of the mappingsg and R; is given in Figure 2.6.

2.2. The Schwarz method and the operator formulation

We wish to apply the parallel Schwarz method (PSM) in order to obtain the solution to Equation (2.1).
To this end, we consider the natural decomposition of the domain into the N subdomainsf igi'\':l.

u =0 inj;
— t.
U =g on ¥
] 1]
X i ; J ext (2'4)
uj = Ui j n @j n i
i2Nj
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N

Figure 2.6. Representation of the maps5 andR;j:afunctionu; : ;! Risextended
harmonically in j by E. The harmonic extensionw; := E (u;) is then restricted to
the skeleton S by the map Rj.

i

Intuitively and according to (2.4), we look for harmonic functions u; on each subdomain ; that
satisfy appropriate boundary conditions. On the exterior boundary we impose the true datag, while
on the interior boundary we impose Dirichlet data, which is traced from the neighbouring subdomain
solutions and multiplied by our partition of unity functions.

The equivalence between the global Laplace problem (2.1) and the domain decomposition prob-
lem (2.4) will be proved later in Section 2.3.2 Theorem 2.18.

Using (2.4), we obtain the following implementation of the PSM: Letup: ! R be some continuous

uP = uoj ; and for eachn 2 N it holds that

n+l _

uj in g,

n+l _ ext.

u*t = on &

Y j (2.5)
uMt = Wl in@jn P

J
i2N;j

In order to analyse the sequence of functions uj”gr,ZN we consider the error equation associated

g == u; uj. It follows that for each j 2 1;:::;N g the sequence of error functiond €'gn2n satis es
the equation

gt =0 in
n+l _ ext.
9 7% on (2.6)
n+l _ n i R . ext.
g = e j in@;n i
iZNj

The key step is now to recognize that a convergence analysis of (2.6) is easier to perform using the
notion of the skeleton that we introduced earlier. To do so, for eaclh 2 N we de ne an N -dimensional

vector e" of error functions as 5 3
el

e" = Ee?z: (2.7)

n
en

Here, each elemenejn is de ned as

n
€]

In other words, the entry ejn of the vector e" is the restriction of the error function (—:]” on the skeleton
S; of the subdomain ;.

— AN
= ejjsj.
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Next, we introduce the iteration operator corresponding to the above choice of the error vectoe".
To do so, we de netheN N matrix T by setting

Pij if j 2 Nj;

Ty =
! 0 otherwise.

(2.8)
The entries P;j of the iteration operator T are operators de ned as follows: For each xedi 2
for all vj; 2 CO(S;i) it holds that
!

Piv=Ri E v lis,

In other words, for a given subdomain ; and a given neighbour ;, the mapping P;;

(1) takes as input some functionv;; de ned on the skeleton S;;, i.e., the part of the interior
boundary of subdomain ; that is contained in ;, and multiplies it with the partition of

unity function 1,
(2) extends the function v {jsj;i harmonically inside the domain ;,

(3) and then yields as output the restriction of this harmonic extension on the skeletonS;.

We remark that the de nition of the iteration operator T implies that it is block-sparse. Indeed,
the it" row of T contains non-zero entries exactly at columng 2 N;.

Example 2.7. Let us consider the situation of a domain consisting of seven subdomains, i.e.,
= J-7=1 j as shown in Figure 2.3. In this setting the iteration operator T is a7 7 matrix given by

2 0O P12 O 0 0 Pis P173
P,y 0 Py3 O 0 0 Py
0O P3sp 0 P33y O 0 P3y
T= 0 0 P43 0 P45 0 P47
0 0 0 Psy O Psg Psy
Pe1r O 0 0 Pgs O Pg7
P71 P72 P7zz P7a P7s P O

Using (2.7) and (2.8) we can rewrite (2.6) as follows
e"! = Te"  foreachn 2 N: (2.9)
Lemma 2.8. Equation (2.6) is equivalent to Equation (2.9).
Proof. We show that (2.9) can equivalently be rewritten as (2.6). To this end, letn 2 N. Then
Equation (2.9) can be written as

W .
"= Tkel ' 8 2f1:::;Ng;

g =
k=1
which is equivalent to
X
e = Pkep 1 8 2f1:::;;Ng
kZNj
Using the de nition of the operators Py we obtailn forallj 2f1;:::;Ng |
n A n 1: k; . X n 1; ki . .
& = Ri B e sy jlsq =R B & sy jlsg - (2.10)
k2Nj k2Nj
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Figure 2.7. Example of the application of Lemma 2.9. A functionv: @ ; ! R such
that v(x) 2 [0;1] for all x 2 @ ; with v(x) < 1 for x 2 J!‘;O for somek (thick gray arc
in the left picture) is mapped by the operator R; E; on to a function w := R;j(E (v))

de ned on §; and satisfying w(x) 2 [0; 1] for all x 2 Sj, w(x) < 1 for all x 2 Sj"“.

A direct inspection now shows that Equation (2.10) is equivalent to Equation (2.6). [ |

It therefore follows that in order to analyse the convergence of the sequence of error functions

vectors fe"gn2n de ned through the matrix equation (2.9). More speci cally, we must analyse the
structure of T. This is the subject of the next Subsection 2.3.
We conclude this section by returning to the geometric constraint A3) that we imposed on the

constraint.

2.3. Convergence analysis
2.3.1. Technical lemmas

The goal of this section is to introduce some technical results that we use to prove our main theorems.
We begin with the following rst result.

Lemma 2.9. Letj 2 f1;:::;Ng and consider the subdomain j, let @ 2 L* (@;) be a non-
negative, piecewise continuous function such thaes$up@j g 1. Assume that there exists at least

one neighbouring indexk 2 N; of the subdomain ; such thate < 1in Sl'(”} and de ne the function
u™w 2 L1 (S) asu™" := R;j (E (e)). Then it holds that

0 essupu™ 1, u™(x)< 18x2S/™:
Si
An example of the application of Lemma 2.9 is given in Figure 2.7.
Proof. The proof follows from the maximum principle for harmonic functions (see, e.qg., [5]) combined
with the de nition of the partition of unity functions introduced above. ]

Next, we prove a fundamental lemma concerning the norm of the iteration operatorT .

Lemma 2.10. Let12 N, CO(S;) denote anN -dimensional vector with the property that everyj ™
entry of the vector is a function identically equal to 1 on the skeletors; . Then for any natural number
n 2 N it holds that
kT"kop:1 := sup kT"vky = kT"1ky :
v?2 jN=1 CO(S]-"“ )
kvky =1
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Proof.

We rst prove an intermediate result. Let v;u 2 j’\LlCO(Sj‘”‘) be two functions such that
v uonl[ls:

We prove that
(Tv) (Tu) on[[yS: (2.11)

Dene w := T(u v). Then by de nition of T we obtain that for eachj 2 f 1;|: ::;Ng it holds that

X .
Wj = Pji (Ui vj) = Ri § ui Vijs, jlis;
i2N; i2N;
|
X L
= RJ E uj Vi JSj;i J!Jsi:i
i2N;j

In other words, the function w; is simply the restriction onto the skeleton S; of the harmonic solution
to a Dirichlet problem with boundary data from u v.
Recall that we have by hypothesis that for eachj 2 f1;:::;Ng it holds that u; v; Oon§j. It

Wj 0 on Sj .
Therefore, we obtain that

w=(T(u v)) 0 on[]s:

This completes the proof for Equation (2.11).
We now proceed to the proof of Lemma 2.10. Note that it su ces to prove that for all natural numbers
n2 N and all functions v 2 NL; Co(S™) such that kvk; =1 it holds that

]
(T"v) (T"1)  on[[S: (2.12)
The proof follows easily by induction from Equation (2.11). Indeed, the base case follows immediately

by picking u = 1. Next, assume that (2.12) holds for somek 2 N. We de ne functions e := TXv and
@ := TK1 and recognize that the induction hypothesis implies that

e @ on[lyS:
Therefore, applying once again Equation (2.11) to the functionse and e yields the required result.
This completes the proof. [ |

We are now ready to state our second fundamental result.

Lemma 2.11. Let = [jN:l j be a domain withNyax layers. Then for all natural numbersn ~ Npyax
it holds that T"1 2 V.

Proof. The proof proceeds by induction. We consider the base case= 1 and show that T1 2 V1.
To this end, let v = T1. We rst consider a subdomain j such that the nodej is in L. Clearly, we
have that @ ; \ @ 6 ;. Therefore applying Lemma 2.9 yields thatv;(x) < 1 for all x 2 Sji”t. Next,
consider a subdomain j such that nodej isin L or higher. It follows from the de nition of the layers
that ; does not correspond to a boundary node, and thu® ; \ @= ;. Using the de nition of the
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iteration operator T, Equation (2.3), and Remark 2.5 we have that

X . i
Pji (1)i = Ri § (Disy sy

Vj =
i2N;j i2N;j | |
X o X (2.13)
= RJ E J!JSj;i = RJ E J!JSj;i
i2N; i2N;
= Rj B(@) =(1):

We therefore obtain that v; = (1);. This completes the proof for the base case.

Assume now that the result holds for some natural numbern = k < N may, i.€., that TK1 2 V. We
must prove that T**11 2 V.

Let v := TK1, let w := TK*11 and consider an arbitrary subdomain ;. If node j is in L1, then
Lemma 2.9 yields that v;(x) < 1 for all x 2 Sint On the other hand, if node j is in L, where
m 2f2;:::;k+1g, then it follows from the de nltlon of the layers that there must exist a neighbouring
node|°2 NJ such that nodei®is in Ly, 1. The de nltloh of the iteration operator T t|herefore yields

X o X _
— Y . of [ . i [
W] - P]| Vi = R] E VIOJSj;i 0 j JS],I 0 + R] E VlJSj;i ]JSJ,I
i2N; i2N;
i6i° |
_ . jO0. X . i .
=R; B Vigs;o jls;ot Vils;i  jlsji
i2N;j
i6i°

The induction hypothesis implies that vio(x) < 1 for all x 2 S/8t. This implies in particular that
Vio(x) < 1forall x 2 S' . Since the functionw; is simply the restrlctlon on to the skeleton §; of the

harmonic extension of boundary data from the functionv, we can apply Lemma 2.9 to obtain that

w;j(x) < 1forall x 2 S'”t

If k+1 = Nmax then we are done. If not, then consider a subdomain j such that the nodej isin L g

wherem 2 fk +2;:::; Nmax9. We must show thatw; =1 on §j.
It follows from the de nition of the layers that all neighbouring nodes ~ 2 N; must belong to L mo
where m®2 fk + 1;:::;Nmaxg. Therefore, the induction hypothesis implies that for each™ 2 Nj it

holds that v- =1 on SJ, .

Using the de nition of the iteration operator T and Remark 2.5, and proceeding in the same manner
as in Equation (2.13) we obtain that w; = (1);, and we have thus shown thatTK*11 = w 2 V.
This completes the proof by induction. [ |

Our next goal is to obtain an analogous result for the setG,. To this end, we require the use of the
following key lemma.

Lemma 2.12. Let = [}, ; be a domain withNpyax layers, letv 2 N, C° Sji”t be such that
kvikp 1, and letw = Tv. Consider a subdomain ;j such that for all neighbouring indicesi 2 N;
it holds that vj(x) < 1 for all x 2 S/"*. Then it holds that
kwjki: (s,) i= esssupw; < 1:
Si

Proof. By the de nition of the iteration operator we ha|ve that

wj = Pji vi = Rj B vils; jlsi = Rj B Vilsi jlsi

i2N; i2N; i2N;
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Therefore, we de ne the functionh: @; ! R as
P . - . . ;
h(X) = i2N; ViJSj;i (X) J!Jsj;i (X) if x 2 Int( J!nt);
0 otherwise

Next, we observe that the de nition of the partition of unity functions and the assumptions of
Lemma 2.12 imply two key properties of the function h.

() It holds that

h(x)=0 forall x 2 & h(x) 1forallx2 [:

(i) It holds that h is a continuous function on int "t

J

As a rst step, we prove a third key property of the function h:

(ii) It holds that h(x) < 1forall x 2 int "t .

To this end, let x 2 int( ™) = int [ 2w, [i2n

Q) x2

(2) x 2

I

}‘;i . We distinguish two cases:

k;0

i for some neighbouring indexk 2 N;. We again have two cases:

X 2 }‘0 Recalling the de nition of the interior skeleton, we obtain also that x 2 S'”t
Si". Thus it holds that h(x) = vi(x) k(x) We recall that by the de nition of the par-
tition of unity functions, it holds that }‘(x) =1 for x 2 jk;o. Furthermore, we have by
assumption that vi(x) < 1 for x 2 Sf{‘} S f{“. We therefore conclude thath(x) < 1.

X 2 }‘;0, i.e., X is a boundary point of the closed set }‘;0. Now, either x 2 € or there

o ]
exists some neighbouring index 2 Njc such that x 2 Jk . In other words, there are
exactly two possibilities: either x is a boundary point of the exterior boundary of ;j or x
is a boundary point of some triple intersection. Sincex 2 int( J!”t), we have excluded the

rst case. The second case 2 Jk is covered below.

K" for some neighbouring indicesk; = 2 N;. Recalling once again the de nition of the

skeletons, we obtain thatx 2 Sy;; S x andx2S-; S -. It therefore follows that

h(x) = Vi(x) KOO+ v-(x) j(%): (214)

We again have two cases:

x 2 S{"™. We have by assumption thatvy(x) < 1for x 2 S/™. On the other hand, we also
know that v:(x) 1for x 2S-. Therefore, Equation (2. 14) implies that h(x) < 1.

X 2 Sf{‘t. Since x 2 Sk, we must have that x 2 @ . It is readily seen that this in

turn implies that x 2 S". Therefore, we obtain that v-(x) < 1, and vi(x) 1. Hence,
Equation (2.14) again implies that h(x) < 1.

We conclude that h(x) < 1 for all x 2 int( }”t) and therefore Property (iii) of the function h also

holds.

Consider now the skeletonS; and let Sjx; k 2 Nj be an arbitrary arc of the skeleton. We must
show that esssups, Wj < 1. This is a slightly delicate argument since the functionw; need not be

continuous on the closed sefS;x due to possible jump discontinuities at the endpoints. We therefore
proceed in two steps:
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(1) First we show that wj(x) < 1 for all x 2 Sji;”‘, i.e., that the function wj is strictly smaller
than one in the interior of the skeleton arcSjx . Property (iii) of the function h yields that
h(x)< 18x2 ™ S ;. Therefore Lemma 2.9 yields thatw; (x) < 1forall x2S/™ S .

(2) Next we show that lim xzs;, Wj(x) < 1. In other words we must show that the limit of the
X! @ j

function w; along the skeleton arcS;x, as one approaches the endpointss strictly smaller

than one. We emphasise that this step is necessary since the function;, a priori, may contain

a jump discontinuity at the endpoints of the skeleton 1.

To this end, let # 2 @ ; denote any endpoint of the skeleton arcS;x . Once again we have two
cases:

Suppose®r 2 jeXt. Recall that h = 0 on jeXt from Property (i) and h(x) < 1 for all

X 2 int( }”t) from Property (iii). Thus, the Schwarz lemma (see, e.g., [14, Pages 632-635],

[5] and [18, Section 3]) implies that

XIZIg:k Wi (= <&
x! R

where is a constant that depends on the angle at which the skeleton ar§; intersects

the boundary @ ; at the point R.

SupposeRr 2 jeXt. Then % 2 int }”‘ . Property (ii) of the function h implies that h is a
continuous function on int " . This in turn implies that the harmonic extension § (h)
is continuous in a neighbourhood of the pointR. This yields in particular that

Xlzigr:k wj(X) = wj(&) = h(®) < L
xR

Hence, the claim holds in both cases.

It therefore follows that esssups, wj < 1. Since the skeleton arcSj was arbitrary, we obtain that

esssupw; < L
S

Consider the setting of Lemma 2.12. The careful reader will observe that the proof of Lemma 2.12
required the use of all three key properties of the boundary datah. In particular, we explicitly used
the fact that h is a continuous function on the interior boundary }m. The continuity of the function
h is itself a consequence of our earlier assumption that the partition of unity functions are continuous
on the interior boundary }”‘. One might therefore wonder if the proof of Lemma 2.12 still holds if
the continuity of the partition of unity functions is not imposed. It turns out that this continuity
assumption is not necessary to prove Lemma 2.12, and we may instead use the Schwarz lemma.
However, as we demonstrate in Section 4 using some numerical examples, a choice of discontinuous
partition of unity functions may lead to a quantitatively slightly worse contraction of the error at each
iteration. We remark that the ddCOSMO implementation uses continuous partition of unity functions
in practice.

We conclude this subsection by observing that Lemma 2.12 has the following consequence.

Lemma 2.13. Let = [JN:1 j be a domain withNnax layers, letn Nmax 2 be a natural number,
and letu 2 V,,. Then it holds that

T?u 2 Cy: (2.15)

1This situation can arise precisely when the subdomains weakly overlap (see [18])
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Proof. Letv = Tu and let w = T2u. Sinceu 2 V,, and KTKop:1 1, we obtain that kwk;
kuky 1. Therefore, we need only show that essupg wj < 1forall j 2[ f_; L.

Letj 2[ -, L« and let * 2 N; be any neighbouring index. By the de nition of the layers, we know
that ~ 2 [ P21 L. On the other hand, sincev 2 Vp.1 , we know that v-(x) < 1for all x 2 SI". Applying
Lemma 2.12 immediately yields that essups, wj < 1. Sincej 2 [ p-; Lk was arbitrary, we conclude
that w 2 C,,. [ ]

2.3.2. Convergence results

We are now ready to state our main results.
Theorem 2.14. Let = [J-N=1 j be a domain withNmayx layers and letu 2 V., . Then it holds that
Tu 2 CNpay - (2.16)

Sincej 2f1;:::;Ng was arbitrary, this completes the proof. ]

Theorem 2.14 has the following important consequence.
Corollary 2.15. Let = [jN=1 j be a domain withNmax layers. Then it holds that
KTNmax L kopy < 1
Proof. Lemma 2.10 implies that KTNmx*1kgp.; = kTNmax*11k; . Theorem 2.14 implies that
TNmax*17 2 Cy, . . By de nition of the set Gy, we obtain KTNmax*1kqp. = kTNmax*11k) < 1. m

max

Remark 2.16. Consider the setting of Theorem 2.14. The relation (2.16) is sharp foNnhax > 1. See
also Example 2.20 for the cas&Nmax = 1.

Remark 2.17. Consider the error equation (2.9). Corollary 2.15 implies that
; n+1 — i n — 1 n+l L0 ; n+1l 0 —N-
nI!|{n ke""“k; = rI1|!r1n kTe"k; = rI]l!rln kT""* e ky nI!l{n KT""“kop:1 keky =0:
Theorem 2.14 also allows us to prove that the global Laplace problem (2.1) and the domain decom-
position problem (2.4) are indeed equivalent.

Theorem 2.18. Equations (2.1) and (2.4) are equivalent. Therefore, the PSM converges to the solu-
tion of the global Laplace problem(2.1).

Proof. It is well known that there exists a unique solution u 2 C°() to Equation (2.1). A direct

j also satisfy Equation (2.4). Therefore, it su ces to show that Equation (2.4) must have a unique
solution.

We argue by contradiction. For eachj 2 f1;:::;Ng, let vj;¢ 2 cY( j) be two distinct solutions
to (2.4) on the subdomain ; and letw; := v;j . It follows that
w; =0 inj;
—_ ext.
WS o (2.17)
wj = w; | on [":
i2N;j
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Figure 2.8. Left: Domain  and corresponding graph. Initial guessu® = 1 (grey) on

function w; on the skeletonS;. It follows from Equation (2.17) and Lemma 2.8 that w satis es the
xed-point equation w = Tw. This implies in particular that

w = TNmax+lyy (2.18)

whereN yax is the number of layers in the domain . Equation (2.18) now yields that KT Nmax 1 kqp g
1, which contradicts Theorem 2.14. Therefore, we must have thaw 0 which implies that v; = ¥
forall j =1;:::;N, and thus Equation (2.4) has a unique solution. ]

2.3.3. Discussion on convergence results and related examples

In this section, we discuss the convergence results obtained in Section 2.3 and use two examples
to explain the heuristic behind them and demonstrate how they can be considered an extension of
existing results given in the literature [5, 4]. In particular, in Example 2.19 we show how our results are
capable of precisely tracking the propagation of the contraction across the di erent layers comprising
the domain in the course of the iterations. In Example 2.20, we consider a problem de ned on a
linear chain of collinear subdomains and demonstrate how our results can be considered an extension
of existing convergence results in the literature.

Example 2.19. We rst consider a domain  consisting of the union of 51 subdomains grouped in
4 layers as shown in Figure 2.8 (left). We will describe visually the results obtained in Section 2.3 as
they apply to this particular choice of domain.
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Figure 2.9. Left: Result after the second iteration. The subdomains in layer 2 have
begun to experience a contraction and hence are represented in white so thaf 2 V.
Right: Result after the third iteration. The contraction has now propagated to the
third layer, which is displayed in white so that u® 2 V3. Furthermore, the subdomains
in Layer 1 are represented in red since they are contracting everywhere on the skeleton,
i.e., essups, uj3 < 1lforallj2Lq.

To do so, we consider as initialization the functionu® = 1 and follow the propagation of the
contraction of the error through the course of the rst ve iterations of the PSM. We represent in grey
the subdomains where the current approximation satis esuj” = 1;. Moreover, we depict in white all
the subdomains where the current approximation satis esu'(x) < 1 for all x 2 Sji”t and in red the
subdomains such that essups, ujn < 1. Since the initialisation is u® = 1, at the iteration 0 all the
subdomains are grey; Figure 2.8 (left). After the rst iteration, the current approximation is given by
ul = Tuf Thanks to the external Dirichlet boundary condition, the subdomains in the rst layer L1
have begun to experience a contraction. Hencey! 2 V, and the rst layer is then white, while all the
other layers are still grey; see Figure 2.8 (right).

After the second iteration, the current approximation is u? = Tul. The contraction propagates and
thus the subdomains in layer 2 are now white while the ones in layers 3 and 4 are still grey. Hence,
u? 2 V, in agreement with Lemma 2.11; see Figure 2.9 (left).

The third iteration yields u3 = Tu? and reveals new behaviour. On the one hand, the contraction
is still propagating towards the last layer. Layer 3 has thus begun to experience a contraction and is
displayed in white indicating that u® 2 V3. On the other hand, since all the subdomains in Layer 1 were
surrounded by white subdomains, Layer 1 is now displayed in red in accordance with Lemma 2.12.
Henceu?® 2 C;.0Only the three subdomains in layer 4 are still grey; see Figure 2.9 (right).

The fourth iteration yields u* = Tu?3. The contraction has propagated to Layer 4, which is displayed
in white, and u? 2 V4 in accordance with Lemma 2.11. Furthermore, all the subdomains in Layer 2
which were previously surrounded by white or red subdomains at iteration 3 are now displayed in red
in accordance with Lemma 2.12. Thus,u® 2 C,; see Figure 2.10 (left).

Finally, we consider the fth iteration, which yields u® = Tu#*. Since all the subdomains in Layers
3 and 4 were white at the previous iteration, they are now displayed in red (see Figure 2.10 (right))
indicating that u® 2 Cs. In other words, we observe a contraction in the in nity norm after precisely
Nmax +1=4+1=5 iterations. This is in agreement with Theorem 2.14.

Example 2.20. Next, we consider a domain consisting of a linear chain of collinear subdomains
(unit disks) as shown in Figure 2.11. The Schwarz operatoiT corresponding to this geometry is the
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Figure 2.10. Left: Result after the fourth iteration. The contraction has propagated
to the fourth layer, which is displayed in white. Since all subdomains have begun to
experience a contraction, we haveu* 2 V4. Moreover, the subdomains in Layer 1
and Layer 2 are contracting everywhere on the skeleton, i.e. esslpg, u < 1 for all
j 2L1\L ». Thus, Layers 1 and 2 are displayed in red. Right: Result after the fth
iteration. All the subdomains are contracting everywhere in their skeletons and are
therefore displayed in red. It therefore holds that u® 2 C, and after Npay +1 = 5
iterations we nally observe a contraction in the in nity norm.

Figure 2.11. Example of a linear chain ofN collinear subdomains (unit disks).

block-tridiagonal operator

3
0 Pi»
P1 0 P23
P2 O P3a
T= )
Pn N 2 0 PN 1N

PN o1 0

Notice how this operator resembles the Schwarz iteration operator constructed in Fourier space in the
literature [3, Section 3.1]; see also [4]. In [3] the Schwarz operator is denoted Byp and it has been
shown that kT;pks = 1, wherek ki is the usual in nity matrix norm. This is in agreement with
Lemmas 2.10 and 2.11.

Itis clear from Figure 2.20 that the considered chain is composed of a single layer sin@ j\ @ 6 ;
forall j =1;:::;N. Lemma 2.11 implies that T1 2 V; and Theorem 2.14 guarantees thafr21 2 Cl,
which |mpI|es that one observes a contraction in the in nity norm after two iterations. This result is
conservative for chains of subdomains composed of only one layer. In fact, it has been proved in [5] that
the PSM for the solution of one-layer chains of subdomains contracts at each iteration; see also [6].
This result can be obtained also using our framework. Indeed, using Lemma 2.10, we can compute

kTkop:1 =kT1ky = max esssupj(Tl)J

n . . . . 0 (2.19)
=max eSSSUpJ(Plzlz)J, _max esssupj(Pjj 11 1+Pj .1 1j+1)jiesssupi(Pun 11n 1)j

S Ty ] SN
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The de nition of the operators Pjx implies that the functions
v1 = (P1212);

VN = (PnoanIn);

solve the problems
int .

vy=0in j; vi=1on ™; vi=0on &

J

the same arguments as in [5], we notice that

esssupvi = esssupvy ~ esssupyj < 1;

S1 Sn Sj
for any j = 1;:::;N, where the strict inequality follows by the maximum principle. The value

esssups, Vj can then be computed explicitly as in [5, Sections 4 and 5.1]. We therefore obtain that
kKTkop:as = () < 1, where ( ) is exactly the estimate of the contraction factor given in [5, Sec-

tion 5.1].
We also remark that it is possible in the same way to analyse other chains of xed-sized subdomains
characterized by only one layer such as the examples given in [5, 6].

3. Extensions to more general settings

Recall that we began Section 2.1 by imposing constraints A1) and A2) on the geometry of the domain
. The preceding analysis con rms our claim that the constraint Al) is imposed purely to assist clarity
of exposition, and can be dropped by adopting minor changes in, for instance, the de nition of the

On the other hand, the constraint A2) which limits the number of simultaneously intersecting disks
to three, signi cantly restricts the generality of our analysis. A second important limitation of our
analysis is the fact that it is, a priori, restricted to disks in two dimensions and it is not yet clear if our
results can be extended to domains in three dimensions consisting of the union of intersecting balls.
The goal of this section is to address these shortcomings and extend the preceding analysis.

3.1. Extension to arbitrary number of intersections

We assume the geometric setting introduced in Section 2.1 and remove the constraints Al) and A2).
In other words, we have assumed that the disks ;; i =1;:::;N may have any type and any number
of simultaneous intersections. Our goal is now to outline step-by-step the changes that must be made
to the analysis of Section 2 so that the convergence results still hold.

3.1.1. Notation

jext::@j\@; Jint::@jnjext:

The rst complication arises when we attempt to de ne index sets characterising the number and
types of intersections. In Section 2.1, our task was straightforward because we assumed that the
domain  consisted of at most triple intersecting subdomains but we have no longer imposed this
constraint. In order to deal with the current more general setting, we de ne these index sets in an
inductive manner.
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Nj, = fj12N: (186 jo)™( j.\ o6 ;)0

Step 2) For eachjo=1;:::;N and eachj; 2 Nj,, we de ne the index set of triple intersections as
n 0
Njoj, = J22f1::0;Ng: (26 j13jo) ™ (j,\ j.\ o is asetof non-zero measude :

If Nj,j, is an empty set for everyj1 2 Nj, then we stop the procedure for this speci ¢ choice
of jo, and we set the natural numberM;j, = 1.

Step m) Foreach jo;j1;::5jm 1 2F L0 Ng Nj, Njgis i Njgjijm . We de ne the index set
of m + 1-ple intersections, i.e., the set of all intersections generated byn + 1 simultaneously
intersecting subdomains as

n igm (0]
Njojijm 1= Jm2FL:i NG (jm 8 jm 1550 )o) j; is a set of non-zero measure :
i=0

If Njojiim 1 IS @an empty set for everyjm 12 Njj,jm »» then we stop the procedure for this
speci ¢ choice ofjo, and we set the natural numberMj, = m 1.

In addition, we de ne the constant M = maxj, Mj,. Intuitively, the natural number Mj,+1 denotes
the maximum number of subdomains that simultaneously intersect the boundary of subdomain j,,.
Moreover, the natural number M + 1 denotes the maximum number of simultaneously intersecting
subdomains in the entire domain . We say that our domain consists of at mostM +1 -ple intersections,
i.e., the intersections in our domain are generated by at mostM + 1 simultaneously intersecting
subdomains.

The next complication arises now that we attempt to de ne decompositions of the interior boundary

the set X} of M tuples as

n (0]
— . 1
Xhi="2N": 2 [ Nj.y, fog" "

Intuitively, the set leo characterises the simple intersections of subdomain,, the sethZ0 charac-

terises the triple intersections of subdomain j, and so on. In particular, the seth'\;Ijo characterises
the intersections of the highest order, i.e., theMj, + 1 -ple intersections of subdomain j,. It is natural

M = cardf ;60g:

In other words, M denotes the number of non-zero entries in a given multi-index 2 Z;. We can
now de ne for all multi-indices 2 Z; theset ; @ as

n (0]
=int x2@;: x2 8 =1;:: ;M N x2 -8 2Nj with * 2 :

j i

where we use an abuse of notation to write 2 , which simply meansthat™ 6 ;foralli=1;:::;M.
These de nitions now imply that
int — E .
j i
2Zj
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It is now straightforward to de ne also the skeletons associated with the subdomain ;. Indeed, let

+— :
Sik = Sk = Skn@j:
221";
Similarly, we de ne the skeleton S; and the interior skeleton Sj"“ as

[ . [
S = Sik; ™= Sik:

kZNj kZNj
It can be observed that with this notation

The de nition of the graph and layers of a domain remain unchanged.
The de nition of the sets V,, and G, remains unchanged.

Of course, it becomes necessary to modify the de nition of the partition of unity functions. Indeed,

letj 2f1;:::;Ng. Then we de ne for eachk 2 N; a function J" @ ;! R, continuous on int }”t ,
with the prop8erty that
31 onTn f’“ for 2 Zj suchthat =(k;0;:::;0);
}‘::32[0;1] on ;n ™ for 22Zjsuchthat( 1=k)* 6(k0;:::;0); (3.1)
-0 otherwise

and such that
Kx)=1 forallx2int ™ :
k2N;
The harmonic extension operatorE and the restriction operator R; can now be de ned analogously
to Section 2, keeping in mind the notation we have just introduced.

3.1.2. Operator formulation and convergence analysis

Let us rst consider the developments of Section 2.2. The de nition of the error functionse™; n 2 N

e = gs;:
Finally, we consider the lemmas and theorems we have stated in Sections 2.3 and 2.3.2. Once again,

we observe that the majority of the technical lemmas still hold under the current setting. In fact only

the proof of Lemma 2.12 needs to be modi ed but the changes are minor and occur at only one point.
Indeed, consider the setting and proof of Lemma 2.12. We must modify the proof of Property (iii)

of the boundary function h: i.e., the proof that h(x) < 1 for all x 2 int }”t .

Let x 2 int( ™). As before, we distinguish two cases.

(1) Supposex 2 j where 2 Zj satises = 3;:::;= m =0 and 1= k for somek 2 N;j.
In other words, we consider the case wherg belongs to the part of the boundary @ j that is
a simple intersection. We distinguish two cases.

X 2 j - Recalling the de nition of the interior skeleton, we obtain also that x 2 Sl'(”}

Si™. Thus it holds that h(x) = vi(x) K(x). Using the fact that the partition of unity
functions are all bounded by one, and the fact that we have by assumptiorvy(x) < 1 for
x2S} S ", we conclude thath(x) < 1.
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X 2 i i.e., X is a boundary point of the closed set j‘. Now, either x 2 th or there
exists some neighbouring index 2 Njc such that x 2 ; where 2 Z; satises ;= k
and = ". Sincex 2 int( }”t), we have excluded the rst case. The second case is covered
below.

(2) Supposex 2 Twhere 27 satises 1= Kk; =" forsomek 2 N; and some" 2 Nji. In
other words, we consider the case wherg belongs to the part of the boundary @ ; that is a
triple intersection or higher. It now holds that

. X _
h(x)= vic FO)+ v-(X) j()+ v (x) ' (X): (3.2)
i=3
. — ” . . . P .
Notice now that for all x 2 ; the partition of unity functions satisfy !‘”:1 j'(x)=1, and
we have by the assum@ns of Lemma 2.12 thav ,(x) 1foralli=1;:::;M .In fact, even
more is true. Sincex 2 j "\ int }”t it is not di cult to see that either x2 (orx2 -, i.e.,

X belongs to the interior of one of the two neighbouring subdomains ¢ and -. This being
the case, we obtain from Lemma 2.9 that eithervi(x) < 1 or v-(x) < 1. Equation (3.2) then
implies that h(x) < 1. This completes the claim.

We therefore conclude thath(x) < 1 forall x 2 int( }”t) and therefore Property (iii) of the function
h holds also in the current more general setting. The remainder of the proof is identical.

It can now be readily checked that the proofs of the remaining lemma and theorems in Section 2.3
remain essentially unchanged. We conclude this sub-section by remarking that the reader can now
understand why we chose to begin our analysis with certain simplifying assumptions: unfortunately,
in a completely general setting, the notation turns increasingly complex and it becomes easy to lose
focus on the main ideas of our analysis.

3.2. Extensions to three dimensions

We have assumed throughout this article that the domain is a subset ofR? and is decomposed into
subdomainsf g\, consisting of disks. It is pertinent to recall however, that the original ddCOSMO
model involves solving the Laplace equation on a computational domain irR3, which is decomposed
into subdomainsf g, consisting of balls. We therefore brie y discuss the possibility of extending
the preceding analysis to this three dimensional setting.

Let us rst assume that the domain R3 can be decomposed as the union of intersecting balls

= [N, i.Asin Section 3.1, we assume that no two subdomains intersect at a single point. A careful

study of Sections 2 and 3.1 now reveals that this three-dimensional geometric setting does not require
any change in notation. In fact, the only lemma that uses the fact that each ;; i =1;:::;N R?is
Lemma 2.12.

To be more concrete, assume the setting of Lemma 2.12. The nal step of the proof consists of
showing that

x2S
x! @

In order to prove this result, we use the Schwarz lemma. This lemma is referenced by name in [14,
Pages 632-635], and a detailed proof is provided in the case of two dimensions. Another proof of this
lemma, which uses complex analysis and is therefore also valid only in two dimensions is given in [5].
Additionally, the Schwarz lemma is also referenced- this time in higher dimensions- by P.L. Lions in
his classical paper on domain decomposition in [18][Section 3]. Lions claims that ... this follows easily

lim wj(x) < L
Sj-k
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from potential theory but omits providing a proof. Unfortunately, apart from Lion's single comment,
we have been unable to nd any proof for the Schwarz lemma in three dimensions. Moreover, the fact
that the proof in [5] uses tools from complex analysis prevents a straightforward extension to three
dimensions.

We therefore emphasise that the only bottleneck in extending the analysis of Sections 2 and 3.1
to the case of a domain R3 composed of intersecting balls is the lack of a proof of the Schwarz
lemma in three dimensions.

3.3. Extensions to other types of subdomains

The analysis we have presented thus far assumes that the domain consists either of a union of
intersecting disks in R2 or a union of intersecting balls in R® (see Section 3.2). In this subsection, we
brie y discuss the possibility of extending our analysis to domains composed of more general types of
subdomains.

Indeed, the results presented in this manuscript will hold for a di erent choice of subdomains if

(B1) For this new choice of subdomains, it is possible to introduce de nitions and notations anal-
ogous to the ones introduced in Section 2 such that the operator formulation of the Schwarz
method as stated in Section 2.2 is well-posed.

(B2) For this new choice of subdomains, thetechnical results presented in Section 2.3 still hold.

Clearly, the well-posedness of the operator formulation of the Schwarz method as given in Section 2.2

This condition is satis ed if the subdomains f jng:]_ are, for instance, assumed to belipschitz.
Moreover, it is not di cult to see that the de nitions and notations introduced in Section 2 involving,
for instance, interior and exterior boundary sets, skeletons and partition of unity functions, can easily
be extended to Lipschitz subdomainsf jng:]_. Consequently, condition (B1) holds for the case of
Lipschitz subdomains.

Unfortunately, the analysis we have presented in Section 2.3 does not hold for general Lipschitz
subdomains. In order to illustrate this point, let us consider the geometry displayed in Figure 3.1.

—
2

Figure 3.1. A domain consisting of the union of two subdomains ; (left) and »
(right). Notice that although 1 and » are both Lipschitz, the overlap 1\ > is
non-Lipschitz. Lemma 2.12 fails for this choice of subdomains.

We denethesets ; R?and > RZ?as
n (0]
p=( 10 @D () 2Rix2 O 1y2 (CxD)

2:=(0;1) (0;1);
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and we de ne the domain := 1[ . Additionally, we denote by
n )
D= (xy)2R%:x2(0;1)y= Py
the curve that constitutes the right-side boundary of the domain 1. Let us now consider Lemma 2.12
for this choice of geometry and domain decomposition. Essentially, Lemma 2.12 claims the following:
Let the function h: @ »! R be de ned as

1 ifx2int It

h(x) = )
0 otherwise

Let wo, 2 L?( ») be the harmonic extension in 1 of h and let the function wy; 2 L?( 1) be the
solution to the BVP ]
w; =0 in 1;

wi=wy onint M

wi=0 on@ inint M:

Then according to Lemma 2.12 we should have that

esssupwi < 1 (3.3)

1

Consider now the proof of Lemma 2.12 and leP 2 @ ; be the point (0;0), i.e., the lower endpoint of
the curve D. The rst case in Step (3) of the proof of Lemma 2.12 shows that

)I(lzrre) wi(x) < 1

x! P
This bound on the limit is established using the Schwarz lemma (see, e.g., [14, Pages 632-635]), which
states that

lim wy(x) = ;

x! P
where 2 [0;1]is a constant that depends on the angle at which the curveD intersects the boundary

Nt at the point P. We now observe that the de nition of the curve D implies that it intersects I

with angle zero at the point P which yields = 1. Thus, the bound (3.3) falils, i.e., Lemma 2.12 no
longer holds. We emphasise that this situation does not arise in the case of a domain  R? that
is composed of the union of intersecting disks since the boundaries of disks do not intersect at zero

angles.
Note that the geometry displayed in Figure 3.1 is known in the domain decomposition literature as
an example of adomain = [ > wherein the standard proof of geometric convergence of the PSM

via a contraction argument fails (see, e.g., [9]). Therefore, it is not surprising that our analysis also
does not hold in this case. We remark that convergence of the PSM in this case can still be proven
but requires di erent tools (see, e.g., [18, Section 4]).

We conclude that the analysis we have presented in this manuscript does not hold for general
non-convex Lipschitz subdomains.

4. Numerical experiments

The goal of this section is two-fold: First, we provide numerical evidence supporting our main conver-
gence result Theorem 2.14, and its analogue for the case of quadruple intersecting disks. Second, we
show the e ect of adopting a di erent choice of the partition of unity functions on the convergence
rates.

Figures 4.2a and 4.2b display the in nity norm of the Schwarz iterates generated through the Error
Equation (2.9) using the initialisation €° 1 on };N S; for geometries with a di erent number of
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(@) Nmax =2 Layers. (b) Nmax =3 Layers. () Nmax =4 Layers.

Figure 4.1. The di erent geometries used for the rst set of numerical computations.
The colour scheme is purely cosmetic. Note that both the radii and the distance between
the centres of the subdomains in the three geometries are the same.

(&) Log-Lin plot of the In nity norm of the Schwarz (b) In nity norm of the Schwarz iterates for the rst
iterates for 100 iterations. 6 iterations.

Figure 4.2. Numerical computations involving a computational domain with triple
intersection subdomains.

maximum layers. The di erent geometries are displayed in Figure 4.1. We emphasise that continuous
partition of unity functions were chosen for this and all subsequent computations.

Although it is slightly di cult to see this at a glance, the numerical results displayed in Figure 4.2b
follow the theoretical results exactly. Indeed, the error function always displays a rst contraction at
iteration number Nnax + 1. Furthermore, it is readily seen that the convergence rate of the error also
depends on the total number of layers in the domain and degrades as 5« increases as shown in the
log-lin plot displayed in Figure 4.2a. Indeed, we observe that the slope of the plots and consequently
the asymptotic contraction factor degrades asNmax increases.
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(a) Contraction Factors for Ny = 3 layers. (b) Contraction Factors for Nmax =4 layers.

Figure 4.3. Numerical computations involving a computational domain with triple
intersection subdomains.

One extremely complicated question that we did not address in the theoretical analysis of Section 2
is how to obtain a quantitive estimate of the contraction factor. Typically, one obtains an upper bound
for the initial contraction factor, i.e., the initial decrease in the in nity norm of the Schwarz iterates
(see, e.qg., [4], [5] and [6]), which then improves considerably in the asymptotic limit. Figures 4.3a
and 4.3b display the exact in nity norm of the Schwarz iterates together with the (numerically ob-
tained) initial and asymptotic contraction factor for geometries with Nyax =3 and Njwax = 4 layers.
We observe immediately that the rst contraction in both cases is nearly two orders of magnitude
smaller than the asymptotic contraction factor. The numerics therefore suggest that even if we were
able to obtain an upper bound for the initial contraction factor, that is, an estimate of KT Nmax +1 kop:1 »
it would be extremely conservative and not useful from a practical point of view. We remark that one
should compare the initial contraction factor computed here to the theoretical upper bound for one-
dimensional geometries obtained in [8].

In order to support our claim regarding the extension of Theorem 2.14 to more complicated ge-
ometries, we next repeat the above numerical computations for a computational domain consisting of
guadruple intersecting subdomains. The di erent geometries are displayed in Figure 4.4.

Figures 4.5b displays the in nity norms of the Schwarz iterates generated through the Error Equa-
tion (2.9) using the initialisation e 1 on }ilN S; for quadruple intersecting geometries with a
di erent number of maximum layers. Once again, although it might be di cult to tell at a glance, the
numerical results follows the theoretical results exactly and we see a rst contraction of the in nity
norm at iteration number Npax + 1.

Figure 4.5a displays the in nity norms of the Schwarz iterates as the number of iterations increases
for the three geometries in a log-lin plot. Once again we observe that the asymptotic contraction factor
degrades asNmax increases. In addition, we plot in Figures 4.6a and 4.6b the exact in nity norms
of the Schwarz iterates together with the (numerically obtained) initial and asymptotic contraction
factor for geometries with Njmax = 3 and Nmax = 4 layers. As before, the initial contraction factor can
be seen to be at least an order of magnitude smaller than the asymptotic convergence factor.
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(@) Nmax =2 Layers. (b) Nmax =3 Layers. (€) Nmax =4 Layers.
Figure 4.4. The di erent geometries used for the second set of numerical computa-
tions. The colour scheme is purely cosmetic. Note that both the radii and the distance
between the centres of the subdomains in the three geometries is the same.

(@) Log-Lin plot of the In nity norm of the Schwarz (b) In nity norm of the Schwarz iterates for the rst
iterates for 100 iterations. 6 iterations.

Figure 4.5. Numerical computations involving a computational domain with quadru-
ple intersection subdomains.

We conclude this section by returning to a question posed in Remark 2.6: Does the choice of partition
of unity functions a ect the iterates of the Parallel Schwarz method and the asymptotic contraction
factor? We decided to compute the in nity norm of the Schwarz iterates generated through the Error
Equation (2.9) using the initialisation €® 1 on J-ilN S; for the geometries displayed in Figure 4.1
using both the continuous partition of unity functions employed previously as well as discontinuous
partition of unity functions as chosen in [10][Section 2, Page 4]. The discontinuous partition of unity
functions are de ned as follows: Given three intersecting subdomains 1; »; 3
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